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1  | INTRODUC TION
The production of many bivalve mollusk species depends on hatch‐
ery production of seed, yet the intensive production of bivalve larvae 
is characterized by mass mortalities caused by bacterial pathogens 
(Hada, West, Lee, Stemmler, & Colwell, 1984; Prado, Romalde, & Barja, 
2010). In many cases, bacteria of the genus Vibrio have been found to 
be the principle causative agents, with mortality often exceeding 90% 
(Takahashi, Nakamura, & Mori, 2000). Therefore, vibriosis is considered 
a significant disease threat for hatchery‐reared larvae. To prevent in‐
fection by pathogenic Vibrio strains, many hatcheries adopt the use 
of antibiotics during larval culture (Nicolas, Corre, Gauthier, Robert, & 
Ansquer,	1996;	Uriarte,	Farıás,	&	Castilla,	2001)	although	this	is	known	
to lead to the development of drug resistance in pathogenic strains 
(Nicolas et al., 1996, Cabello, 2006, Fernandes Cardoso de Oliveira, 
Ranzani de França, & Pinto, 2010). For this reason, the focus has shifted 
towards applying alternative biocontrol techniques in bivalve rearing 
systems to prevent disease outbreaks. Probiotics, for example, are con‐
sidered a possible solution for controlling bacterial infections in bivalve 
larvae (Douillet & Langdon, 1993; Kesarcodi‐Watson, Miner, Nicolas, 
& Robert, 2012). Alternatively, Defoirdt, Boon, Sorgeloos, Verstraete, 
and Bossier (2009) suggested that the polymer of the short‐chain fatty 
acid (SCFA) β‐hydroxybutyrate (ß‐HB), the well‐known bacterial stor‐
age compound poly‐β‐hydroxybutyrate (PHB), could be used to protect 
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Abstract
The natural amorphous polymer poly‐β‐hydroxybutyrate (PHB‐A: lyophilized 
Ralstonia eutropha	 containing	75%	PHB)	was	 used	 as	 a	 biological	 agent	 to	 control	
bacterial pathogens of blue mussel (Mytilus edulis) larvae. The larvae were supplied 
with PHB‐A at a concentration of 1 or 10 mg/L for 6 or 24 hr, followed by exposure 
to either the rifampicin‐resistant pathogen Vibrio splendidus or Vibrio coralliilyticus at 
a concentration of 105 CFU/ml. Larvae pretreated 6 hr with PHB‐A (1 mg/L) survived 
a Vibrio challenge better relative to 24 hr pretreatment. After 96 hr of pathogen ex‐
posure, the survival of PHB‐A‐treated mussel larvae was 1.41‐ and 1.76‐fold higher 
than the non‐treated larvae when challenged with V. splendidus and V. coralliilyticus, 
respectively. Growth inhibition of the two pathogens at four concentrations of the 
monomer β‐HB	(1,	5,	25	and	125	mM)	was	tested	in	vitro	in	LB35 medium, buffered at 
two	different	pH	values	(pH	7	and	pH	8).	The	highest	concentration	of	125	mM	sig‐
nificantly inhibited the pathogen growth in comparison to the lower levels. The effect 
of β‐HB on the production of virulence factors in the tested pathogenic Vibrios re‐
vealed a variable pattern of responses.
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aquatic animals from pathogenic bacteria. Polyhydroxybutyrate is an 
important member of the family of polyhydroxyalkanoates (PHAs), and 
it can be degraded by bacteria into the monomer β‐HB (Kato, Konishi, 
Shimao,	&	Sakazawa,	1992;	Patnaik,	2005).	β‐hydroxybutyrate is known 
to have some antimicrobial, insecticidal and antiviral activities (Tokiwa 
& Ugwu, 2007). In addition, β‐hydroxybutyrate is a known ketone body 
(Jendrossek	&	Handrick,	2002)	that	serves	an	important	role	in	the	en‐
ergy metabolism of a large number of animals (Nehlig, 2004). PHB can 
be supplied in either the crystalline (i.e., extracted from the bacterial 
cell) or amorphous form (PHB‐A) (i.e., still contained within the bacte‐
rial cell), and is thought to be depolymerized after ingestion. Positive 
effects of PHB on growth and survival were shown for a number of 
aquaculture species such as juvenile European sea bass (De Schryver 
et al., 2010), juvenile Siberian sturgeon (Najdegerami et al., 2012), lar‐
val giant freshwater prawn (Nhan et al., 2010; Thai et al., 2014), larval 
giant tiger prawn (Laranja et al., 2014), larval Nile tilapia (Situmorang, 
Schryver, Dierckens, & Bossier, 2016) and larval Chinese mitten crab 
(Sui, Cai, Sun, Wille, & Bossier, 2012).
Most	recently,	Van	Hung	et	al.	(2015)	observed	a	50%	increase	
in blue mussel larval survival when amorphous PHB (PHB‐A) was 
supplied to the culture water at a concentration of 1 mg/L. However, 
no effect on larval growth or survival after metamorphosis was ob‐
served. It was suggested that the increase in larval survival may have 
resulted from the antimicrobial activity of the compound against 
opportunistic bacteria that were naturally present in the water al‐
though that assumption was not verified.
This study investigated the effect of amorphous PHB in blue mussel 
larvae cultures in vivo when challenged with the pathogenic bacteria 
Vibrio splendidus and Vibrio coralliilyticus. These two strains were shown 
before to be pathogenic to Greenshell™ mussel (GSM) larvae, with an 
ability	 to	 cause	 83%	 and	 75%	 larval	mortality	 in	 vitro,	 respectively,	
upon exposure to 102 CFU/ml (Kesarcodi‐Watson, Kaspar, Lategan, & 
Gibson, 2009) and were hence potential pathogens for M. edulis lar‐
vae. Furthermore, the impact of β‐HB on the growth and production 
of some potential virulence factors of V. splendidus or V. coralliilyticus 
was examined in vitro, since the degree of pathogenicity depends on 
the expression of virulence factors, i.e. gene products that enable the 
pathogen	to	infect	and	damage	the	host	(Chen	et	al.,	2005).
2  | MATERIAL S AND METHODS
2.1 | Bacterial strains and growth conditions
The pathogenic bacteria used in this study were V. coralliilyticus 
DO1	(Genbank	accession	number	EU358784)	and	V. splendidus	0529	
(Genbank	 accession	 number	 EU358783).	 The	 chosen	 pathogens	
were earlier reported to be pathogenic towards green shell mussel 
(Perna canaliculus) larvae (Kesarcodi‐Watson et al., 2009).
Before use, the strains were made rifampicin resistant. Firstly, 
each	bacterial	 strain	stocked	 in	40%	glycerol	at	−80°C	was	grown	
overnight	at	18°C	in	Luria‐Bertani	broth	supplemented	with	35	g/L	
Instant Ocean sea salt (Aquarium Systems, Sarrebourg, France) 
(LB35).	Further,	a	volume	of	500	µl	was	transferred	into	5	ml	of	fresh	
LB35 containing rifampicin (which was dissolved in DMSO) at a final 
concentration	of	50	mg/L.	It	took	2	days	before	the	medium	showed	
signs	of	growth.	Afterwards,	50	µl	of	this	medium	was	plated	on	LB35 
plates	containing	50	mg/L	rifampicin.	A	single	colony	was	picked	up	
from the plate, and the whole procedure was repeated. The resistant 
strains	were	finally	stored	in	40%	glycerol	at	−80°C.
For use in the experiments, the rifampicin‐resistant bacteria 
were grown overnight in LB35	under constant agitation (130 rpm) at 
18°C,	the	temperature	at	which	the	challenges	were	carried	out.	Cell	
densities were measured spectrophotometrically at 600 nm with 
an OD of 1 corresponding to about 1.2 × 109 colony‐forming units 
CFU/ml. The final concentration of pathogenic bacteria used in all 
challenge experiments was 105 CFU/ml.
2.2 | Amorphous PHB (PHB‐A)
The amorphous PHB consisted of lyophilized Ralstonia eutropha con‐
taining	75%	PHB	on	cell	dry	weight	and	was	produced	as	described	
by Thai et al. (2014). The PHB‐A was suspended at a concentration of 
50	mg/L	in	FASW	and	sonicated	for	homogenization	using	an	ultra‐
sonic machine (Branson 1200, USA). A final concentration of 1 and 
10 mg/L PHB was utilized in the challenge experiments.
2.3 | Experimental mussel larvae
Mature adult mussels (Mytilus edulis) were obtained from Roem van 
Yerseke (Yerseke, The Netherlands) the day before spawning. The 
spawning and fertilization was done according to Van Hung et al. 
(2015).	The	development	of	the	fertilized	eggs	was	regularly	moni‐
tored. When the morula stage was reached in the majority of the 
embryos, they were rinsed with filter autoclaved sea water (FASW) 
on a 30‐μm sieve to wash away the remaining sperm. Next, the em‐
bryos were transferred to a glass bottle containing 2 L of FASW at 
18°C	and	a	mixture	of	the	antibiotics	rifampicin,	kanamycin	and	am‐
picillin (10 mg/L each). After 48 hr, D‐veliger larvae were obtained 
and washed at least five times with FASW to remove the antibiotics. 
The larvae were re‐suspended in fresh FASW, and the density was 
determined. All manipulations were performed under laminar flow.
2.4 | Blue mussel larvae challenge tests
The basis of each challenge test consisted of adding 100 mussel lar‐
vae into each of the 24 inner wells (to avoid plate edge effects) of a 
sterile 48‐well plate (Tissue Culture Dish, Thermo Scientific). Each 
well contained 1 ml of FASW supplemented with LB35 (0.1% v/v) and 
rifampicin (10 mg/L). These 24 wells were divided into six treatments 
with four replicate wells per treatment. The plates were incubated 
at	 18°C	 under	 a	 light	 regime	12D:12L	 for	 all	 experiments.	During	
the challenge test, the suspension in all wells was pipetted very gen‐
tly twice a day to re‐suspend the PHB‐A in the water column. Each 
challenge test was repeated at least once. Only one experiment is 
shown here, since the results were very consistent. Each challenge 
test consisted of the following six treatments:
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1. Non‐treated larvae (“control”)
2. Larvae supplied with PHB‐A immediately after stocking in the 
plates (“PHB‐A”)
3. Larvae challenged with V. coralliilyticus at 6 or 24 hr after stocking 
in the plates (“V. coralliilyticus”)
4. Larvae challenged with V. splendidus at 6 or 24 hr after stocking in 
the plates (“V. splendidus”)
5. Larvae supplied with PHB‐A immediately after stocking in the 
plates and challenged 6 or 24 hr later with V. coralliilyticus (“PHB‐A 
+ V. coralliilyticus”)
6. Larvae supplied with PHB‐A immediately after stocking in the 
plates and challenged 6 or 24 hr later with V. splendidus (“PHB‐A + 
V. splendidus”)
In each challenge test, the survival of the larvae was verified at 24, 
48, 72 and 96 hr after introduction of the pathogens (except for con‐
trol). At each of these time points, the larvae of three‐well plates were 
killed and stained with Lugol's solution. Under the microscope, sur‐
vival was determined based on the presence of lugol coloured internal 
structures that included the vellum, cilia and stomach. Deterioration of 
organ structures and empty shells were denoted as moribund or dead 
individuals (Figure 1).
2.5 | Effect of β‐HB on growth of 
V. coralliilyticus and V. splendidus
Vibrio coralliilyticus and V. splendidus were grown overnight as de‐
scribed above and set at an OD600 value of 1.0 in fresh LB35. The bac‐
terial suspensions were inoculated (2% v/v) in 200 μl LB35 containing 
different	concentrations	(0,	1.0,	5.0,	25	and	125	mM)	of	β‐HB (so‐
dium β‐hydroxybutyrate, Sigma‐Aldrich, Germany) in a 96‐well plate 
(n = 4 for each pathogen–concentration combination). The assay was 
performed at pH 7 and pH 8 in the presence of a 1 M MOPS buffer. 
The plates were incubated in a spectrophotometer (Tecan I‐Control, 
Belgium), and the optical density of each well at 600 nm was meas‐
ured	every	hour	up	to	25	hr	after	inoculation.
2.6 | Effect of β‐HB on virulence factors of 
V. coralliilyticus and V. splendidus
For all virulence factors considered, filtered sterilized β‐HB was 
added	 to	 the	medium	at	concentrations	of	0,	1,	5,	25	or	125	mM.	
The pH of the medium was consequently adjusted at 7 or 8 by the 
addition of 0.1 N HCl or 0.1 N NaOH.
All assays were performed in triplicate in at least two indepen‐
dent experiments with consistent results.
2.6.1 | Swimming motility
A swimming motility assay was performed using LB35 plates with 
0.3%	agar	(Yang	and	Defoirdt	(2015)).	The	pathogens	were	spotted	
at the centre of the plates, and the diameter of the motility zones 
was	measured	after	24	hr	of	incubation	at	18°C.
2.6.2 | Lytic enzyme production: Caseinase, 
gelatinase, haemolysin, lipase and phospholipase
All assays were performed according to Natrah et al. (2011). The casei‐
nase assay plates were prepared by mixing equal volumes of autoclaved 
double strength LB35 agar and a 4% skimmed milk powder suspension 
(Oxoid,	UK),	sterilized	separately	at	121°C	for	5	min.	Colony	diameters	
and	clearing	zones	were	measured	after	3	days	of	incubation	at	28°C.
Gelatinase	 assay	 plates	were	 prepared	 by	mixing	 0.5%	 gelatin	
(Sigma‐Aldrich) into LB35. After incubation for 7 days, saturated am‐
monium sulphate (80%) in distilled water was poured over the plates, 
and after 2 min, the diameters of the clearing zones around the col‐
onies were measured.
Haemolytic assay plates were prepared by supplementing 
autoclaved LB35	 agar	 with	 5%	 defibrinated	 sheep	 blood	 (Oxoid,	
Basingstoke, and Hampshire, UK). Colony diameters and clearing 
zones	were	measured	after	2	days	of	incubation	at	18°C.
For the lipase and phospholipase assays, LB35 agar plates were 
supplemented with 1% Tween 80 (Sigma‐Aldrich) and 1% egg yolk 
emulsion (Sigma‐Aldrich), respectively. The diameter of the opales‐
cent	zones	was	measured	after	3	days	of	incubation	at	18°C.
2.6.3 | Biofilm formation and 
exopolysaccharide production
A biofilm formation assay was conducted in 96‐well plates as de‐
scribed by Li, Yang, Dierckens, Milton, and Defoirdt (2014) using 
LB35 broth. The exopolysaccharide (EPS) production assay was 
performed in a similar way. For the quantification of exopolysac‐
charides, calcofluor white staining (Sigma‐Aldrich) was used as de‐
scribed by Brackman et al. (2008).
2.7 | Data analysis and statistics
Larval survival data in challenge tests were subjected to a logistic re‐
gression analysis using GenStat (VSN International) version 16. The 
F I G U R E  1   Mytilus edulis larvae after Lugol staining (×400). 
Living larvae (a) are completely dark while partly (b) or entirely (c) 
empty shells are counted as dead larvae
(c)
(b)
(a)
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effects of varying concentrations of β‐HB on the virulence factors 
of the pathogenic bacteria were determined by first checking the 
assumptions associated with ANOVA, and in case any of the assump‐
tions was violated, non‐parametric equivalents were considered. In 
effect, since the mean response was expected to vary with a con‐
centration level of β‐HB, we were interested in testing trends in re‐
sponse	to	increasing	levels.	Therefore,	the	Jonckheere–Terpstra	test	
for ordered alternatives was applied. In situations where this test 
failed to indicate the presence of trends, the Kruskal–Wallis test was 
used. All tests between the different concentrations of β‐HB were 
tested	at	the	5%	significance	level	with	the	ANOVA	Dunn–Bonferroni	
post hoc analysis to account for multiplicity. All analyses were car‐
ried out using Statistical Package for the Social Sciences version 23 
(SPSS. Inc., Chicago. IL, USA) and R version 3.2.2 software packages.
3  | RESULTS
3.1 | Survival of mussel larvae in challenge tests
The supplementation of PHB‐A at a concentration of 1 mg/L 
6 hr before the introduction of the pathogens V. splendidus and 
V. coralliilyticus significantly increased larval survival till 96 hr 
after the challenge (Figure 2, challenge test 1). When challenged 
with V. coralliilyticus, no other larval pretreatment led to a signifi‐
cant improvement in survival when compared with the control 
challenge.
Focusing on V. splendidus, it was observed that a 6 hr pre‐
treatment with PHB‐A led to a better survival of the challenged 
larvae than a 24 hr pretreatment, for both concentrations 1 and 
F I G U R E  2   Survival of Mytilus edulis 
larvae challenged with Vibrio coralliilyticus 
or Vibrio splendidus at 105 CFU/mL 
under different experimental conditions. 
In challenge test 1 and 2, PHB was 
supplemented at a concentration of 
1 mg/L 6 and 24 hr, respectively, before 
the challenge, and in challenge test 
3 and 4, PHB was supplemented at a 
concentration of 10 mg/L 6 and 24 hr, 
respectively, before the challenge. Values 
are presented as means ± standard 
error (n = 3). The survival in the control 
treatments (larvae only) and the PHB‐A 
treatments without challenge was similar 
in all challenge tests and therefore cannot 
be distinguished in the graphs. Values at 
each time point that are marked with a 
different letter are significantly different 
(p	<	0.05).
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10 mg/L PHB‐A. In addition, an increase in PHB‐A concentration 
from 1 to 10 mg/L during the 6 hr pretreatment led to poorer lar‐
val survival.
3.2 | Effect of β‐HB on growth of 
V. coralliilyticus and V. splendidus
The impact of β‐HB on the growth of the pathogens was species‐
dependent and not pH‐dependent. The growth of V. splendidus in 
LB35 was significantly inhibited at the highest β‐HB concentration 
of	125	mM	at	both	pH	7	and	pH	8,	while	the	strain	V. coralliilyticus 
was not affected by the addition of β‐HB at both pH 7 and pH 8 
(Figure 3).
3.3 | Effect of β‐HB on virulence factors
3.3.1 | Swimming motility
Both Vibrio spp. used in this study exhibited swimming motil‐
ity although patterns appeared to differ between the two species 
(Table 1). The swimming motility of V. splendidus was significantly 
higher	with	25	mM	β‐HB at neutral pH, whereas no significant dif‐
ferences were found between the different β‐HB concentrations at 
pH 8. The swimming motility of V. coralliilyticus was only significantly 
decreased	at	the	highest	concentration	of	125	mM	β‐HB at pH 7. At 
pH 8, no significant effects were found. .
3.3.2 | Lytic enzymes activity
The activity of different lytic enzymes (caseinase, gelatinase, li‐
pase, haemolysin and phospholipase) of V. splendidus and V. cor‐
alliilyticus upon supplementation of varying concentrations of 
β‐hydroxybutyrate at different pH levels is shown in Table 2. Both 
Vibrio strains tested positive for all virulence factors in the absence 
of β‐HB. Overall, the colonies and clearing zones on the caseinase 
assay plates were noticeably smaller at the highest concentration 
of β‐HB. The ratio between the clearing zone and colony diameter 
was	significantly	higher	at	125	mM	β‐HB as compared to the control 
0 mM β‐HB (except for V. splendidus at pH 8).
A	significantly	stronger	gelatinase	activity	was	observed	at	5	mM	
β‐HB for V. coralliilyticus at pH 8. For the other concentrations of β‐
HB, there were no significant differences (Table 2).
There was no significant effect of β‐HB on lipase at any of the β‐
HB concentrations for both pathogens. The ratio in V. splendidus was 
bigger than in V. coralliilyticus, whereas the colonies in V. splendidus 
were smaller than for V. coralliilyticus.
On the contrary, an effect of β‐HB on the haemolytic activity 
was observed in both pathogens and both pH levels. The highest 
level of β‐HB always showed a significant difference as compared to 
the control treatment (0 mM β‐HB), being higher for V. splendidus at 
pH 7 and lower in all other cases.
While phospholipase activity was significantly decreased at 
125	mM	for	V. splendidus at both pH 7 and pH 8, there was no signif‐
icant effect for V. coralliilyticus.
3.3.3 | Biofilm formation and 
exopolysaccharide production
There was no significant effect of β‐HB on biofilm formation for 
both pathogens at both pH values compared to the control treat‐
ment (Figure 4a,b). The exopolysaccharide production more or 
less reflected the tendencies observed for the biofilm formation 
(Figure	4c,d).	A	significant	increase	was	found	only	at	5	mM	and	pH	
8 in the case of V. splendidus (Figure 4c).
F I G U R E  3   Growth curves of Vibrio 
splendidus and Vibrio coralliilyticus 
(OD600)	in	LB35	at	pH	7	and	pH	8	with	
different	concentrations	of	0,	1,	5,	25	
and	125	mM	β‐hydroxybutyrate (β‐HB). 
Data are expressed as mean ± standard 
error (SE) (n = 4). An asterisk denotes a 
significant difference between the highest 
concentration of β‐HB and the other 
concentrations. Error bars presented 
in the graph are often too small to be 
visible [Colour figure can be viewed at 
wileyonlinelibrary.com]
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4  | DISCUSSION
The experiments demonstrated that the two tested vibrios are viru‐
lent for blue mussel larvae. The results obtained in the present work 
demonstrated that the administration of PHB‐A had a positive effect 
in vivo on the survival of blue mussel larvae when it was adminis‐
tered 6 hr ahead of challenge with V. splendidus or V. coralliilyticus. To 
our knowledge, this is the first time that PHB‐A has been tested as a 
protective compound for blue mussel larvae in controlled challenge 
tests. Currently, the exact mode of action by which PHB induces its 
protective effects is still not clear. In general, it is assumed that the 
compound is bio‐converted to its monomer β‐HB upon ingestion and 
that this compound then acts as an antimicrobial agent (Defoirdt et 
al., 2009), provides direct energy to the host (Fernández, 2001) or 
acts	as	an	immunostimulant	(Baruah	et	al.,	2015).	In	previous	stud‐
ies, PHB‐A has been shown to significantly increase the survival 
of Artemia when challenged with V. campbellii under both gnotobi‐
otic and conventional conditions (Defoirdt et al., 2007; Halet et al., 
2007). Consistent with a previous report on Artemia (Defoirdt et al., 
2007), our results provided evidence that the addition of amorphous 
PHB to the mussel larvae culture water significantly improves the 
protection of larvae against both pathogens V. splendidus and V. cor‐
alliilyticus, although there were major differences in the effective 
PHB‐A dose between the two studies. In the Defoirdt et al. (2007) 
study, maximum and complete protection against V. campbellii was 
obtained at a PHB‐A concentration of 1,000 mg/L while the lower 
PHB‐A concentration of 100 mg/L still provided significant protec‐
tion. In contrast, in the present study, an increase in PHB‐A concen‐
tration from 1 to 10 mg PHB‐A L‐1 did not improve the larval survival. 
This result corroborates the findings of our previous in vivo study 
(Van	Hung	et	al.,	2015)	where	the	beneficial	effects	of	PHB‐A	in	the	
culture of blue mussel larvae were maximal at 1 mg/L, with inferior 
results obtained at the higher concentration of 10 mg/L.
Another interesting observation is that the time window be‐
tween treatment and challenge influenced the outcome of the chal‐
lenge. When the pretreatment with PHB‐A was started 24 hr before 
the challenge, no positive effect on survival was observed after 72 hr 
of challenge with V. splendidus. It is possible that the PHB‐A had 
been rapidly degraded by, for example, resident PHB‐degraders in 
the digestive system of the larvae. Therefore, when pretreated 24 hr 
before the challenge, PHB‐A treated mussel larvae might no longer 
contain sufficient PHB to counteract infection (in contrast to the 
6 hr pretreatment). It is clear that more detailed information on the 
dynamics of PHB‐A ingestion, digestion and assimilation might shed 
more light on the mechanism of the observed antagonistic effect.
In order to determine the effect of the monomer β‐HB on the 
pathogens in this study, an effort was made to measure the concen‐
tration of β‐HB in the mussel larvae themselves. However, due to the 
small dimensions of the mussel larvae, values remained below the de‐
tection limit. In another study, however, it was found that the β‐HB 
concentration in Artemia nauplii supplied with PHB ranged between 
1 and 8 mM (De Schryver et al., unpublished data). Based on these 
values, it was decided to determine the effect of β‐HB on the growth 
and virulence factor production of the pathogens at concentrations 
of	1	and	5	mM,	assuming	that,	as	in	Artemia,	such	levels	could	be	ob‐
tained in the gut of blue mussel larvae treated with PHB. In addition, 
higher β‐HB	concentrations	of	25	and	125	mM	were	also	included	to	
provide a better insight on the effect of β‐HB. The effect of these con‐
centrations was verified at two pH values. Indeed, pH of the environ‐
ment is a very important factor since the growth‐inhibitory effect of 
β‐HB	was	earlier	shown	to	decrease	with	increasing	pH.	At	pH	5,	the	
growth of V. campbellii was completely inhibited; at pH 6, growth was 
delayed, and at pH 7, no inhibition could be observed (Defoirdt, Halet, 
Sorgeloos, Bossier, & Verstraete, 2006). The pH‐dependency can be 
explained by the fact that fatty acids can pass the cell membrane only 
in their undissociated form, which will be more pronounced at lower 
pH (see the Henderson–Hasselbach equation Sun et al., 1998).
From the in vitro assays, it became clear that the pathogens’ 
growth was not inhibited at the lower concentrations of β‐HB. Only 
a	concentration	of	125	mM	β‐HB significantly inhibited the growth 
of V. splendidus at both neutral and alkaline pH. This indicates that 
the beneficial effect of PHB on larval survival was unlikely the con‐
sequence of β‐HB reducing the growth of the pathogens as it is 
exactly these lower concentrations that can be expected in the gas‐
trointestinal environment of the blue mussel larvae. For this reason, 
it was interesting to determine whether β‐HB could have an effect 
on the production of virulence factors of the pathogens.
Bacterial motility is now considered an important virulence factor 
for many pathogens. It is essential for pathogenic bacteria during the ini‐
tial phases of infection as swimming helps them to overcome repulsive 
β‐HB (mM)
V. splendidus V. coralliilyticus
pH 7 pH 8 pH 7 pH 8
Motility zone 
(mm)
Motility zone 
(mm)
Motility zone 
(mm)
Motility 
zone (mm)
0 40.0 ± 0.7a 33.5	±	0.5a 45.3	±	0.3b 47.5	±	1.0ab
1 38.0 ± 2.0a 30.0 ± 0.7a 44.8 ± 0.3ab 45.0	±	0.0a
5 46.8 ± 1.0ab 32.5	±	1.0a 46.0 ± 0.7b 45.8	±	0.8ab
25 57.3	±	3.5b 31.8 ± 2.3a 41.3	±	0.5ab 49.8 ± 0.9b
125 43.8 ± 0.9ab 30.8 ± 1.7a 35.3	±	1.0a 46.0 ± 0.7ab
Note. Different letters in each column indicate significant differences (p	<	0.05).
TA B L E  1   Swimming motility zone of 
Vibrio splendidus and Vibrio coralliilyticus 
after 24 hr incubation on soft agar at pH 7 
and pH 8 with different β‐hydroxybutyrate 
(β‐HB) concentrations
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TA B L E  2   The activity of different lytic enzymes (caseinase, gelatinase, lipase, haemolysin and phospholipase) of Vibrio splendidus and 
Vibrio coralliilyticus upon supplementation of varying concentrations of β‐hydroxybutyrate (β‐HB) at two pH levels
β‐HB (mM)
pH 7 pH 8
Colony diameter 
(mm)
Clearing zone 
(mm) Ratio
Colony diameter 
(mm)
Clearing zone 
(mm) Ratio
Caseinase/V. splendidus
0 18.0 ± 0.0 22.0 ± 0.0 1.2 ± 0.0a 25.5	±	1.0 29.5	±	1.7 1.2 ± 0.0ab
1 20.0 ± 0.7 24.5	±	1.2 1.2 ± 0.0a 26.0 ± 1.1 31.3 ± 1.8 1.2 ± 0.0ab
5 20.0 ± 0.4 23.5	±	0.6 1.2 ± 0.0a 25.5	±	0.5 29.3 ± 0.8 1.1 ± 0.0a
25 17.3 ± 0.9 21.3 ± 1.3 1.2 ± 0.0a 19.0 ± 0.0 24.0 ± 0.0 1.3 ± 0.0b
125 5.0	±	0.0 10.0 ± 0.0 2.0 ± 0.0b 18.5	±	0.3 21.8 ± 0.3 1.2 ± 0.0ab
Caseinase/V. coralliilyticus
0 19.0 ± 0.6 24.3 ± 0.3 1.3 ± 0.0a 24.5	±	0.3 29.3	±	0.5 1.2 ± 0.0a
1 21.8 ± 0.3 26.0 ± 0.4 1.2 ± 0.0a 26.0 ± 0.0 30.0 ± 0.0 1.2 ± 0.0a
5 18.5	±	0.9 21.0 ± 1.0 1.1 ± 0.0a 25.3	±	0.3 28.8 ± 0.8 1.1 ± 0.0a
25 17.0 ± 0.4 20.8 ± 0.3 1.2 ± 0.0a 22.8 ± 0.9 24.8 ± 0.3 1.1 ± 0.0a
125 5.0	±	0.0 10.0 ± 0.0 2.0 ± 0.0b 17.0 ± 0.0 23.0 ± 0.0 1.4 ± 0.0b
Gelatinase/V. splendidus
0 18.5	±	1.6 34.3	±	0.5 1.9 ± 0.1ab 19.0 ± 0.6 35.3	±	0.3 1.9 ± 0.1ab
1 15.3	±	0.5 30.5	±	1.0 2.0 ± 0.0b 15.0	±	1.3 32.5	±	1.0 2.2 ± 0.1b
5 25.3	±	1.9 35.0	±	3.1 1.4 ± 0.1a 20.0 ± 0.0 35.0	±	0.0 1.8 ± 0.0ab
25 22.8 ± 1.0 34.0 ± 0.7 1.5	±	0.0ab 22.3 ± 1.0 35.5	±	0.5 1.6 ± 0.1a
125 14.5	±	1.2 26.0 ± 0.8 1.8 ± 0.1ab 16.0 ± 0.0 30.0 ± 0.0 1.9 ± 0.0ab
Gelatinase/V. coralliilyticus
0 21.5	±	1.2 33.5	±	0.5 1.6 ± 0.1ab 19.5	±	0.3 33.0 ± 0.6 1.7 ± 0.0a
1 13.8 ± 1.3 29.0 ± 0.6 2.1 ± 0.2b 16.0 ± 0.7 33.0 ± 0.6 2.1 ± 0.1ab
5 19.8 ± 1.3 32.8 ± 1.1 1.7 ± 0.1ab 14.0 ± 0.0 33.3	±	0.5 2.4 ± 0.0b
25 27.8 ± 3.0 38.0 ± 0.0 1.4 ± 0.2a 16.0 ± 2.0 33.3 ± 0.8 2.1 ± 0.3ab
125 15.3	±	0.9 27.3	±	0.5 1.8 ± 0.1ab 15.8	±	0.5 32.0 ± 0.0 2.0 ± 0.1ab
Lipase/V. splendidus
0 7.6 ± 0.2 16.5	±	0.3 2.2 ± 0.1a 7.5	±	0.3 14.5	±	0.3 1.9 ± 0.0ab
1 6.8 ± 0.6 13.5	±	0.6 2.0 ± 0.1a 7.5	±	0.5 12.5	±	0.6 1.7 ± 0.1a
5 7.8 ± 0.3 15.8	±	0.5 2.0 ± 0.1a 8.1 ± 0.1 16.3 ± 0.3 2.0 ± 0.0b
25 8.3 ± 0.3 16.3	±	0.5 2.0 ± 0.1a 8.0 ± 0.4 16.0 ± 0.8 2.0 ± 0.0b
125 8.3 ± 0.1 15.5	±	0.3 1.9 ± 0.0a 7.8 ± 0.3 14.5	±	0.3 1.9 ± 0.1ab
Lipase/V. coralliilyticus
0 15.5	±	0.9 19.5	±	0.5 1.4 ± 0.1a 14.8 ± 0.3 19.8 ± 0.3 1.3 ± 0.0a
1 14.0 ± 0.6 18.5	±	0.6 1.3 ± 0.0a 15.0	±	0.4 19.0 ± 0.4 1.3 ± 0.0a
5 13.8 ± 1.3 18.8 ± 0.9 1.4 ± 0.1a 12.8	±	0.5 20.3 ± 0.9 1.6 ± 0.1a
25 17.3 ± 0.8 21.3 ± 0.6 1.2 ± 0.0a 14.5	±	0.5 19.3 ± 0.8 1.3 ± 0.0a
125 13.8	±	0.5 18.5	±	0.3 1.3 ± 0.0a 13.8	±	0.5 18.3 ± 0.6 1.3 ± 0.0a
Haemolytic/V. splendidus
0 18.8 ± 0.6 15.5	±	0.6 0.8 ± 0.1a 11.3 ± 1.1 19.5	±	1.0 1.8 ± 0.1a
1 9.3 ± 0.1 12.3 ± 0.1 1.3 ± 0.0ab 10.5	±	0.3 12.5	±	0.3 1.2 ± 0.0bc
5 18.3 ± 1.1 16.0 ± 0.3 0.9 ± 0.2ab 14.8 ± 2.0 13.5	±	0.9 0.9 ± 0.1c
25 11.5	±	0.7 13.8 ± 0.4 1.2 ± 0.1ab 9.0 ± 0.4 12.5	±	0.3 1.4 ± 0.1b
125 7.0 ± 0.0 10.5	±	0.1 1.5	±	0.0b 9.0 ± 0.0 12.3 ± 0.3 1.4 ± 0.0b
(Continues)
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forces between the bacterial cell and the host tissues and, hence, facil‐
itates attachment to the host (McCarter, 2001). Our results indicated 
that the effect of β‐HB on the swimming motility of pathogens de‐
pended both on the species and concentration. V. splendidus’ swimming 
activity	significantly	increased	at	25	mM	of	β‐HB (pH 7) while V. corallii‐
lyticus’	motility	was	significantly	decreased	at	125	mM	(pH	7).
Biofilm formation is an ancient and integral component of the pro‐
karyotic life cycle and is a critical factor for survival in diverse envi‐
ronments (Hall‐Stoodley, Costerton, & Stoodley, 2004). This process 
in Vibrios depends on specific genes (flagella, pili and exopolysaccha‐
ride biosynthesis) and regulatory processes (Yildiz & Visick, 2009). 
In the present study, β‐HB did not exert any influence on the biofilm 
β‐HB (mM)
pH 7 pH 8
Colony diameter 
(mm)
Clearing zone 
(mm) Ratio
Colony diameter 
(mm)
Clearing zone 
(mm) Ratio
Haemolytic/V. coralliilyticus
0 9.0 ± 0.0 15.5	±	0.3 1.7 ± 0.0a 9.0 ± 0.0 18.0 ± 0.0 2.0 ± 0.0a
1 9.5	±	0.3 11.8 ± 0.3 1.2 ± 0.0ab 9.0 ± 0.0 12.0 ± 0.0 1.3 ± 0.0ab
5 10.0 ± 0.0 12.0 ± 0.0 1.2 ± 0.0ab 9.0 ± 0.0 12.0 ± 0.0 1.3 ± 0.0ab
25 10.0 ± 0.4 11.8 ± 0.3 1.2 ± 0.0ab 9.5	±	0.3 12.0 ± 0.0 1.3 ± 0.0ab
125 10.8 ± 0.3 13.0 ± 0.0 1.2 ± 0.0b 11.5	±	0.5 13.3	±	0.5 1.2 ± 0.0b
Phospholipase/V. splendidus
0 10.0 ± 0.0 14.5	±	0.3 1.5	±	0.0a 11.0 ± 0.6 14.3 ± 0.3 1.3 ± 0.1a
1 12.0 ± 0.0 15.8	±	0.3 1.3 ± 0.0ab 13.5	±	0.5 15.5	±	0.5 1.1 ± 0.0ab
5 10.0 ± 0.3 13.0 ± 0.0 1.3 ± 0.0ab 12.8	±	0.5 15.8	±	0.5 1.2 ± 0.0a
25 11.8 ± 0.3 15.8	±	0.3 1.3 ± 0.0ab 13.0 ± 0.0 15.3	±	0.3 1.2 ± 0.0a
125 11.0 ± 0.3 13.5	±	0.3 1.2 ± 0.0b 10.5	±	0.3 11.5	±	0.3 1.1 ± 0.0b
Phospholipase/V. coralliilyticus
0 13.8 ± 0.3 18.8 ± 0.8 1.4 ± 0.1ab 15.3	±	0.5 18.5	±	0.5 1.2 ± 0.0ab
1 14.5	±	0.3 21.0 ± 0.0 1.4 ± 0.0ab 13.0 ± 0.0 16.3 ± 0.3 1.3 ± 0.0a
5 12.5	±	0.5 17.0 ± 0.0 1.4 ± 0.1ab 12.0 ± 0.0 16.0 ± 0.0 1.3 ± 0.0a
25 13.0 ± 0.0 15.0	±	0.0 1.2 ± 0.0b 12.0 ± 0.0 14.0 ± 0.0 1.2 ± 0.0ab
125 13.3 ± 0.3 15.5	±	0.3 1.2 ± 0.0b 12.0 ± 0.0 13.3	±	0.5 1.1 ± 0.0b
Note. Data are expressed as means ± standard error (n = 4). Ratio values for each virulence factor‐species combination in the same column indicated 
with a different letter are significantly different (p	<	0.05).	All	pairwise	comparisons	were	done	using	Dunn–Bonferroni	method.	The	ratio	of	colony	
diameter and clearing zone data were transformed (normality and homogeneity) to satisfy assumptions of ANOVA.
TA B L E  2   (Continued)
F I G U R E  4   Biofilm formation (a & b) 
and exopolysaccharide production (c & d) 
of Vibrio splendidus and Vibrio coralliilyticus 
after	4	days	incubation	at	18°C	with	
different β‐hydroxybutyrate (ß‐HB) 
concentrations at pH 7 and pH 8 (average 
± standard error, n = 4). Different letters 
indicate significant differences between 
β‐HB levels (a,b for comparison at pH 7; 
x,y for comparison at pH 8). All pairwise 
comparisons were done using Dunn‐
Bonferroni method
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formation of the two Vibrio spp. investigated. Irrespective of the pres‐
ence or absence of β‐HB, biofilm formation seemed to be very low in 
both Vibrio spp. For Vibrio fischeri, Chavez‐Dozal and Nishiguchi (2011) 
found biofilm formation at an OD562 to be 0.83 and 1.10 at 20 and 
25°C,	 respectively,	whereas	our	 results	showed	minimum–maximum	
values	of	0.04–0.10	and	0.04–0.15	 in	V. splendidus and V. coralliilyti‐
cus, respectively. The limited biofilm formation observed in the pres‐
ent study could be related to the sub‐optimal incubation temperature 
used	(18°C).	This	applies	particularly	to	V. coralliilyticus. Several studies 
have identified V. coralliilyticus as a mesophilic bacterium with its viru‐
lence factors being upregulated at elevated temperatures (Frydenborg, 
Krediet, Teplitski, & Ritchie, 2014; Kimes et al., 2012). This is not appli‐
cable however for V. splendidus that grows at low temperatures, being 
psychrotroph (Pujalte, Ortigosa, Macián, & Garay, 1999).
Extracellular proteases have been identified to play a signifi‐
cant role in virulence and pathogenicity of many bacteria (Cai et al., 
2007). Defoirdt (2014) found that lytic enzymes produced by aqua‐
culture pathogens include haemolysins and proteases. Haemolysin 
is one of the virulence factors of pathogens described for shrimp, 
fish (Liuxy, Lee, & Chen, 1996; Sun et al., 2007) and bivalve mollusks 
(Nottage & Birkbeck, 1990). Secreted phospholipases are thought 
to function in phosphate acquisition, carbon source acquisition, and 
in some cases as virulence factors for pathogenic species (Schmiel 
& Miller, 1999). As a general conclusion, it can be stated that the 
results of the assays indicated that β‐HB only in a limited number of 
cases significantly affected virulence factors production (Table 3). 
Focusing on the concentrations that are assumed to be relevant 
to the gastrointestinal environment of blue mussel larvae (range 
1–25	mM),	only	one	beneficial	effect	of	β‐HB for the host can be re‐
ported: at a β‐HB	concentration	of	1,	5	and	25	mM,	the	haemolytic	
enzyme activity in V. splendidus is inhibited at pH 8. The hypothesis 
that PHB may affect the virulence factor production of the patho‐
gens under investigation and as such protect the blue mussel larvae 
from infection is therefore not fully supported. It is likely that the 
protective effect of PHB on blue mussel larvae involves other mech‐
anisms	such	as	immunostimulation	(Baruah	et	al.,	2015)	or	the	direct	
provision of energy (De Schryver et al., 2010). The latter however is 
also not very plausible since Stuart and Ballantyne (1996) could not 
measure β‐HB dehydroxygenase activity in marine molluscs. They 
attribute the apparent absence of the enzyme β‐HB dehydroxygen‐
ase which catalyzes the interconversion of the ketone bodies, to the 
low importance of ketone body metabolism in marine organism and 
to an emphasis on amino acid oxidation in energy metabolism.
In conclusion, the present study indicated that PHB‐A can partly 
protect mussel larvae against specific pathogenic bacteria and that 
the effect of PHB‐A on larval survival in the challenge experiments 
depended on both PHB‐A concentration and exposure time. In gen‐
eral, pretreatment of mussel larvae with PHB‐A at a concentration of 
1 mg/L resulted in better larval survival when administered 6h before 
the challenge, compared to administration of PHB‐A 24 hr before the 
challenge.	Larvae	6	hr	pretreated	with	PHB‐A	showed	a	55%	and	25%	
increase in survival after exposure to the pathogens V. splendidus and 
V. coralliilyticus, respectively, as compared to challenged larvae that 
were not treated with PHB‐A. Increasing the pretreatment from 1 
to 10 mg/PHB‐A L did not improve the protection of mussel larvae 
against the challenge. This result is in accordance with the previous 
mussel larvae experiments confirming that PHB‐A of 1 mg/L is an op‐
timal	concentration	in	mussel	larvae	culture	(Van	Hung	et	al.,	2015).
The in vitro experiments suggested that β‐HB affected the virulence 
factor activity of the pathogens rather than growth, although the re‐
sponses did not follow a clear pattern. The highest β‐HB concentration 
of	125	mM	inhibited	some	virulence	factors	of	the	pathogenic	bacteria	
such as haemolysis, phospholipase, but also stimulated caseinase pro‐
duction. The lower assumed biologically relevant β‐HB concentrations 
inhibited haemolytic activity (1 mM), and in contrast, stimulated EPS 
in V. splendidus	at	pH	8	(5	mM	β‐HB). There was no effect on the pro‐
duction of the lytic enzymes gelatinase and lipase, and the formation of 
biofilm was not affected by the presence of β‐HB at any concentration.
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Caseinase 125	mM	↑ No effect No effect 125	mM	↑
Gelatinase No effect No effect No effect No effect
Lipase No effect No effect No effect No effect
Haemolysin 125	mM	↑ 1,	5,	25	,125	mM	
↓
125	mM	↓ 125	mM	↓
Phospholipase 125	mM	↓ 125	mM	↓ No effect No effect
Swimming motility 25	mM	↑ No effect 125	mM	↓ No effect
Biofilm formation No effect No effect No effect No effect
Exopolysaccharide No effect 5	mM	↑ No effect No effect
Note. Arrows indicate decrease or increase of the virulence factor activity compared to the control 
treatment (0 mM β‐HB).
TA B L E  3   Summary of the effects of 
β‐hydroxybutyrate (β‐HB) on selected 
virulence factors of Vibrio pathogens for 
Mytilus edulis larvae
786  |     VAN HUNG et Al.
doctoral grant for the first author. The Research Foundation—
Flanders (FWO, Belgium), supported Peter De Schryver as a post‐
doctoral research fellow. This research was also financed by Ghent 
University through the Special Research Fund “Host‐microbial 
interactions in aquatic production” project (BOF12/GOA/022). 
We wish to thank Dr. Kesarcodi‐Watson (Cawthron Institue, New 
Zealand) who kindly provided the bacterial strain for this research 
and Dr. Abatih Emmanuel (FIRE, University of Ghent) for statisti‐
cal guidance.
CONFLIC T OF INTERE S T
The authors state that they have no conflict of interests.
ORCID
Nancy Nevejan  https://orcid.org/0000‐0001‐6566‐4607 
R E FE R E N C E S
Baruah, K., Huy, T. T., Norouzitallab, P., Niu, Y., Gupta, S. K., De Schryver, 
P.,	 &	 Bossier,	 P.	 (2015).	 Probing	 the	 protective	 mechanism	 of	 po‐
ly‐ß‐hydroxybutyrate against vibriosis by using gnotobiotic Artemia 
franciscana and Vibrio campbellii as host‐pathogen model. Scientific 
Reports, 5, 9427. https://doi.org/10.1038/srep09427
Brackman, G., Defoirdt, T., Miyamoto, C., Bossier, P., Van Calenbergh, 
S., Nelis, H., & Coenye, T. (2008). Cinnamaldehyde and cinnamal‐
dehyde derivatives reduce virulence in Vibrio spp. by decreas‐
ing the DNA‐binding activity of the quorum sensing response 
regulator LuxR. BioMed Central. Microbiology, 8, 149. https://doi.
org/10.1186/1471‐2180‐8‐149
Cabello, F. C. (2006). Heavy use of prophylactic antibiotics in aquacul‐
ture: A growing problem for human and animal health and for the 
environment. Environmental Microbiology, 8, 1137–1144. https://doi.
org/10.1111/j.1462‐2920.2006.01054.x
Cai, Q.‐Y., Mo, C.‐H., Li, Y.‐H., Zeng, Q.‐Y., Katsoyiannis, A., Wu, Q.‐T., 
&	 Férard,	 J.‐F.	 (2007).	 Occurrence	 and	 assessment	 of	 polycyclic	
aromatic hydrocarbons in soils from vegetable fields of the Pearl 
River Delta, South China. Chemosphere, 68,	 159–168.	 https://doi.
org/10.1016/j.chemosphere.2006.12.015
Chavez‐Dozal, A., & Nishiguchi, M. K. (2011). Variation in biofilm formation 
among symbiotic and free‐living strains of Vibrio fischeri. Journal of Basic 
Microbiology, 51(5),	452–458.	https://doi.org/10.1002/jobm.201000426
Chen,	L.,	Yang,	J.,	Yu,	J.,	Yao,	Z.,	Sun,	L.,	Shen,	Y.,	&	Jin,	Q.	(2005).	VFDB:	
A reference database for bacterial virulence factors. Nucleic Acids 
Research, 33,	D325–D328.	https://doi.org/10.1093/nar/gki008
De Schryver, P., Sinha, A. K., Kunwar, P. S., Baruah, K., Verstraete, W., 
Boon, N., … Bossier, P. (2010). Poly‐beta‐hydroxybutyrate (PHB) in‐
creases growth performance and intestinal bacterial range‐weighted 
richness in juvenile European sea bass, Dicentrarchus labrax. Applied 
Microbiology and Biotechnology, 86,	1535–1541.	https://doi.org/10.1
007%2Fs00253‐009‐2414‐9
Defoirdt, T. (2014). Virulence mechanisms of bacterial aquaculture 
pathogens and antivirulence therapy for aquaculture. Reviews in 
Aquaculture, 6, 100–114. https://doi.org/10.1111/raq.12030
Defoirdt, T., Boon, N., Sorgeloos, P., Verstraete, W., & Bossier, P. 
(2009). Short‐chain fatty acids and poly‐β‐hydroxyalkanoates: 
(New) Biocontrol agents for a sustainable animal production. 
Biotechnology Advances, 27,	 680–685.	 https://doi.org/10.1016/j.
biotechadv.2009.04.026
Defoirdt, T., Halet, D., Sorgeloos, P., Bossier, P., & Verstraete, W. (2006). 
Short‐chain fatty acids protect gnotobiotic Artemia franciscana from 
pathogenic Vibrio campbellii. Aquaculture, 261, 804–808.
Defoirdt, T., Halet, D., Vervaeren, H., Boon, N., Van De Wiele, T., 
Sorgeloos, P., … Verstraete, W. (2007). The bacterial storage 
compound poly‐β‐hydroxybutyrate protects Artemia franciscana 
from pathogenic Vibrio campbellii. Environmental Microbiology, 9, 
445–452.
Douillet,	P.,	&	Langdon,	C.	 J.	 (1993).	Effects	of	marine	bacteria	on	 the	
culture of axenic oyster Crassostrea gigas (Thunberg) larvae. The 
Biological Bulletin, 184,	36–51.
Fernandes	Cardoso	de	Oliveira,	A.	J.,	Ranzani	de	França,	P.	T.,	&	Pinto,	A.	
B. (2010). Antimicrobial resistance of heterotrophic marine bacteria 
isolated from seawater and sands of recreational beaches with dif‐
ferent organic pollution levels in southeastern Brazil: Evidences of 
resistance dissemination. Environmental Monitoring and Assessment, 
169,	375–384.	https://doi.org/10.1007/s10661‐009‐1180‐6
Fernández, R. G. (2001). Artemia bioencapsulation I. Effect of particle sizes 
on the filtering behavior of Artemia franciscana. Journal of Crustacean 
Biology, 21,	435–442.	https://doi.org/10.1163/20021975‐99990144
Frydenborg, B., Krediet, C., Teplitski, M., & Ritchie, K. (2014). 
Temperature‐dependent inhibition of opportunistic Vibrio pathogens 
by native coral commensal bacteria. Microbial Ecology, 67, 392–401. 
https://doi.org/10.1007/s00248‐013‐0334‐9
Hada,	 H.	 S.,	 West,	 P.	 A.,	 Lee,	 J.	 V.,	 Stemmler,	 J.,	 &	 Colwell,	 R.	 R.	
(1984). Vibrio tubiashii sp. nov., a pathogen of Bivalve Mollusks. 
International Journal of Systematic Bacteriology, 34, 1–4. https://doi.
org/10.1099/00207713‐34‐1‐1
Halet, D., Defoirdt, T., Van Damme, P., Vervaeren, H., Forrez, I., Van De 
Wiele, T., … Verstraete, W. (2007). Poly‐beta‐hydroxybutyrate‐ac‐
cumulating bacteria protect gnotobiotic Artemia franciscana from 
pathogenic Vibrio campbellii. Federation of European Microbiological 
Societies Microbiology Ecology, 60, 363–369.
Hall‐Stoodley,	 L.,	 Costerton,	 J.	 W.,	 &	 Stoodley,	 P.	 (2004).	 Bacterial	
biofilms: From the natural environment to infectious diseases. 
Nature Reviews Microbiology, 2,	 95–108.	 https://doi.org/10.1038/
nrmicro821
Jendrossek,	 D.,	 &	Handrick,	 R.	 (2002).	Microbial	 degradation	 of	 poly‐
hydroxyalkanoates. Annual Review of Microbiology, 56, 403–432. 
https://doi.org/10.1146/annurev.micro.56.012302.160838
Kato, N., Konishi, H., Shimao, M., & Sakazawa, C. (1992). Production 
of 3‐hydroxybutyric acid trimer by Bacillus megaterium B‐124. 
Journal of Fermentation and Bioengineering, 73, 246–247. https://doi.
org/10.1016/0922‐338X(92)90173‐R
Kesarcodi‐Watson,	A.,	 Kaspar,	H.,	 Lategan,	M.	 J.,	 &	Gibson,	 L.	 (2009).	
Two pathogens of Greenshell™ mussel larvae, Perna canaliculus: 
Vibrio splendidus and a V. coralliilyticus/neptunius‐like isolate. Journal 
of Fish Diseases, 32,	499–507.
Kesarcodi‐Watson,	 A.,	 Miner,	 P.,	 Nicolas,	 J.‐L.,	 &	 Robert,	 R.	 (2012).	
Protective effect of four potential probiotics against patho‐
gen‐challenge of the larvae of three bivalves: Pacific oyster 
(Crassostrea gigas), flat oyster (Ostrea edulis) and scallop (Pecten 
maximus). Aquaculture, 344–349, 29–34. https://doi.org/10.1016/j.
aquaculture.2012.02.029
Kimes,	 N.	 E.,	 Grim,	 C.	 J.,	 Johnson,	 W.	 R.,	 Hasan,	 N.	 A.,	 Tall,	 B.	 D.,	
Kothary,	M.	H.,	…	Morris,	P.	J.	(2012).	Temperature	regulation	of	vir‐
ulence factors in the pathogen Vibrio coralliilyticus. Multidisciplinary 
Journal of Microbial Ecology, 6,	 835–846.	 https://doi.org/10.1038/
ismej.2011.154
Laranja,	 J.	 L.	 Q.,	 Ludevese‐Pascual,	 G.	 L.,	 Amar,	 E.	 C.,	 Sorgeloos,	 P.,	
Bossier, P., & De Schryver, P. (2014). Poly‐β‐hydroxybutyrate 
(PHB) accumulating Bacillus spp. improve the survival, growth 
and robustness of Penaeus monodon (Fabricius, 1798) postlarvae. 
Veterinary Microbiology, 173, 310–317. https://doi.org/10.1016/j.
vetmic.2014.08.011
     |  787VAN HUNG et Al.
Li, X., Yang, Q., Dierckens, K., Milton, D. L., & Defoirdt, T. (2014). RpoS 
and Indole Signaling Control the Virulence of Vibrio anguillarum to‐
wards Gnotobiotic Sea Bass (Dicentrarchus labrax) Larvae. PLoS ONE, 
9, e111801. https://doi.org/10.1371/journal.pone.0111801
Liuxy, P., Lee, K., & Chen, S. N. (1996). Pathogenicity of Vibrio para‐
haemolyticus in tiger prawn, Penaeus monodon. Letters in Applied 
Microbiology, 22, 413–416.
Mccarter, L. L. (2001). Polar flagellar motility of the Vibrionaceae. 
Microbiology and Molecular Biology Reviews, 65,	445–462.	https://doi.
org/10.1128/MMBR.65.3.445‐462.2001
Najdegerami, E. H., Tran, T. N., Defoirdt, T., Marzorati, M., Sorgeloos, 
P., Boon, N., & Bossier, P. (2012). Effects of poly‐β‐hydroxy‐
butyrate (PHB) on Siberian sturgeon (Acipenser baerii) finger‐
lings performance and its gastrointestinal tract microbial com‐
munity. FEMS Microbiology Ecology, 79,	 25–33.	 https://doi.
org/10.1111/j.1574‐6941.2011.01194.x
Natrah, F. M., Ruwandeepika, H. A., Pawar, S., Karunasagar, I., Sorgeloos, 
P., Bossier, P., & Defoirdt, T. (2011). Regulation of virulence factors 
by quorum sensing in Vibrio harveyi. Veterinary Microbiology, 154, 
124–129. https://doi.org/10.1016/j.vetmic.2011.06.024
Nehlig, A. (2004). Brain uptake and metabolism of ketone bodies in ani‐
mal models. Prostaglandins, Leukotrienes and Essential Fatty Acids, 70, 
265–275.	https://doi.org/10.1016/j.plefa.2003.07.006
Nhan, D. T., Wille, M., De Schryver, P., Defoirdt, T., Bossier, P., & Sorgeloos, 
P. (2010). The effect of poly β‐hydroxybutyrate on larviculture of the 
giant freshwater prawn Macrobrachium rosenbergii. Aquaculture, 302, 
76–81. https://doi.org/10.1016/j.aquaculture.2010.02.011
Nicolas,	 J.	 L.,	Corre,	 S.,	Gauthier,	G.,	Robert,	R.,	&	Ansquer,	D.	 (1996).	
Bacterial problems associated with scallop Pecten maximus lar‐
val culture. Diseases of Aquatic Organisms, 27, 67–76. https://doi.
org/10.3354/dao027067
Nottage, A. S., & Birkbeck, T. H. (1990). Interactions between different 
strains of Vibrio alginolyticus and hemolymph fractions from adult 
Mytilus edulis. Journal of Invertebrate Pathology, 56,	15–19.	https://doi.
org/10.1016/0022‐2011(90)90138‐V
Patnaik,	 P.	 R.	 (2005).	 Perspectives	 in	 the	 modeling	 and	 opti‐
mization of PHB production by pure and mixed cultures. 
Critical Reviews in Biotechnology, 25,	 153–171.	 https://doi.
org/10.1080/07388550500301438
Prado,	S.,	Romalde,	J.	L.,	&	Barja,	J.	L.	(2010).	Review	of	probiotics	for	use	
in bivalve hatcheries. Veterinary Microbiology, 145, 187–197. https://
doi.org/10.1016/j.vetmic.2010.08.021
Pujalte,	M.	 J.,	Ortigosa,	M.,	Macián,	M.	C.,	&	Garay,	E.	 (1999).	Aerobic	
and facultative anaerobic heterotrophic bacteria associated to 
Mediterranean oysters and seawater. International Microbiology, 2, 
259–266.
Schmiel, D. H., & Miller, V. L. (1999). Bacterial phospholipases and 
pathogenesis. Microbes and Infection, 1, 1103–1112. https://doi.
org/10.1016/S1286‐4579(99)00205‐1
Situmorang, M. L., De Schryver, P., Dierckens, K., & Bossier, P. 
(2016). Effect of poly‐β‐hydroxybutyrate on growth and dis‐
ease resistance of Nile tilapia Oreochromis niloticus juveniles. 
Veterinary Microbiology, 182, 44–49. https://doi.org/10.1016/j.
vetmic.2015.10.024
Stuart,	J.	A.,	&	Ballantyne,	J.	S.	 (1996).	Correlation	of	environment	and	
phylogeny with the expression of β‐hydroxybutyrate dehydrogenase 
in the mollusca. Comparative Biochemistry and Physiology Part B: 
Biochemistry and Molecular Biology, 114,	 153–160.	 https://doi.
org/10.1016/0305‐0491(96)00014‐4
Sui,	 L.,	 Cai,	 J.,	 Sun,	H.,	Wille,	M.,	 &	 Bossier,	 P.	 (2012).	 Effect	 of	 poly‐
beta‐hydroxybutyrate on Chinese mitten crab, Eriocheir sinensis, 
larvae challenged with pathogenic Vibrio anguillarum. Journal of Fish 
Diseases, 35,	359–364.
Sun,	B.,	Zhang,	X.‐H.,	Tang,	X.,	Wang,	S.,	Zhong,	Y.,	Chen,	J.,	&	Austin,	B.	
(2007). A single residue change in Vibrio harveyi Hemolysin results 
in the loss of phospholipase and hemolytic activities and pathoge‐
nicity for turbot (Scophthalmus maximus). Journal of Bacteriology, 189, 
2575–2579.	https://doi.org/10.1128/JB.01650‐06
Sun,	C.	Q.,	O'Connor,	C.	 J.,	Turner,	 S.	 J.,	 Lewis,	G.	D.,	 Stanley,	R.	A.,	
& Roberton, A. M. (1998). The effect of pH on the inhibition of 
bacterial growth by physiological concentrations of butyric 
acid: Implications for neonates fed on suckled milk. Chemico‐
Biological Interactions, 113, 117–131. https://doi.org/10.1016/
S0009‐2797(98)00025‐8
Takahashi, K. G., Nakamura, A., & Mori, K. (2000). Inhibitory effects 
of Ovoglobulins on bacillary necrosis in larvae of the pacific oys‐
ter, Crassostrea gigas. Journal of Invertebrate Pathology, 75, 212–217. 
https://doi.org/10.1006/jipa.1999.4922
Thai, T., Wille, M., Garcia‐Gonzalez, L., Sorgeloos, P., Bossier, P., & De 
Schryver, P. (2014). Poly‐ß‐hydroxybutyrate content and dose of 
the bacterial carrier for Artemia enrichment determine the per‐
formance of giant freshwater prawn larvae. Applied Microbiology 
and Biotechnology, 98,	 5205–5215.	 https://doi.org/10.1007/
s00253‐014‐5536‐7
Tokiwa, Y., & Ugwu, C. U. (2007). Biotechnological production of (R)‐3‐
hydroxybutyric acid monomer. Journal of Biotechnology, 132, 264–
272.	https://doi.org/10.1016/j.jbiotec.2007.03.015
Uriarte,	I.,	Farıás,	A.,	&	Castilla,	J.	C.	(2001).	Effect	of	antibiotic	treatment	
during larval development of the Chilean scallop Argopecten purpura‐
tus. Aquacultural Engineering, 25, 139–147. https://doi.org/10.1016/
S0144‐8609(01)00078‐4
Van Hung, N., De Schryver, P., Tam, T. T., Garcia‐Gonzalez, L., Bossier, 
P.,	 &	 Nevejan,	 N.	 (2015).	 Application	 of	 poly‐β‐hydroxybutyrate 
(PHB) in mussel larviculture. Aquaculture, 446, 318–324. https://doi.
org/10.1016/j.aquaculture.2015.04.036
Yang,	 Q.,	 &	 Defoirdt,	 T.	 (2015).	 Quorum	 sensing	 positively	 regu‐
lates flagellar motility in pathogenic Vibrio harveyi. Environmental 
Microbiology, 17, 960–968.
Yildiz, F. H., & Visick, K. L. (2009). Vibrio biofilms: So much the same 
yet so different. Trends in Microbiology, 17, 109–118. https://doi.
org/10.1016/j.tim.2008.12.004
How to cite this article: Van Hung N, Bossier P, Hong NTX,  
et al. Does Ralstonia eutropha, rich in poly‐β hydroxybutyrate 
(PHB), protect blue mussel larvae against pathogenic vibrios?.  
J Fish Dis. 2019;42:777–787. https://doi.org/10.1111/jfd.12981
